Introduction
Aza-crown ethers exhibit binding selectivity for specific cations, and this characteristic has led to their widespread use. The ionophoric properties of aza-crown ether derivatives are largely governed by the nature of the incorporated heteroatoms and the number of ring members. In analytical chemistry, aza-crown ether derivatives have been used in solvent extractions, sorptions in chromatography, ion-selective electrodes (ISEs), and separations. 1 The ISE responds to the activity (concentration) of the sensed ion in the tested solution. 2, 3 The potentiometric liquid membrane for the ISE includes an ionophore that captures a specific ion more tightly than other ions. Aza-crown ethers as ionophores of ISEs have attracted much attention due to their facile design as analytical reagents for the target ions. 1, [4] [5] [6] Cyclam (1,4,8,11-tetraazacyclotetradecane) is a 14-membered azacrown ether containing four nitrogen atoms. Various cyclam derivatives have been designed as ion recognition compounds. 7 Although the unsubstituted cyclam works as a highly selective and efficient carrier for the transport of the Pb 2+ ion, 8, 9 the introduction of various substituents on the nitrogen atoms of the cyclam can significantly vary the ion-selectivity. For example, the introduction of the tosyl (p-toluenesulfonyl) 10 and 2-pyridylmethyl 11, 12 groups as substituents into the cyclam led to the formation of complexes with high Ni 2+ and Cu 2+ ionselectivities, respectively. Furthermore, fluoroionophores for the Hg 2+ and Zn 2+ ions were synthesized by the introduction of 1-pyrenyl acetamide,
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1H-isochromen-1-one 14 and methylbenzimidazole 15 as substituents into the cyclam. Interestingly, the number of benzyl groups as introduced substituents on the nitrogen atoms of the cyclam determined the Cu 2+ , Ag + or non ion-selectivity. 16 On the other hand, the ethylene cross-bridged of cyclam derivatives improved the Cu 2+ ion-selectivity. 17 Moreover, the introduction of C=O groups and benzene rings into the carbons of the cyclam backbone induced anion-selectivity. 18 Likewise, ISEs based on cyclam derivatives have been developed as cation sensors. 11, [19] [20] [21] [22] Although ISEs based on a cyclam derivative with four 2-pyridylmethyl groups as substituents showed good ion-selectivity for the Cu 2+ ion, 11,22 this result seems to depend greatly on the nature of the 2-pyridylmethyl groups. The ISE based on a cyclam derivative with two benzene rings into the carbons of the cyclam backbone also exhibited good ion-selectivity for the Cu 2+ ion. 21 Moreover, there are also a few ion-selective electrodes based on cyclam derivatives and complexes for anion sensing. [23] [24] [25] [26] The ISEs based on a cyclam derivative with four n-octyl groups as substituents showed anion-selectivity for the ClO4 -and CH3(CH2)5OSO3 -ions. 25, 26 The ClO4 -and I -ion-selectivities were observed by ISEs based on the Cu(II), Co(II) and Ni(II) complexes of cyclams with four and three n-octyl groups as substituents. 23, 24 In general, anion-selective ISEs exhibit roughly the same selectivity sequence with preference of lipophilic anions and rejection of hydrophilic anions (Hofmeister lyotropic anion selectivity sequence). 27 Therefore, ISEs based on Co(II) and Ni(II) complexes of a cyclam with three n-octyl groups are attractive due to their I Nickel(II) complexes of [14] tetraazaannulene derivatives incorporating aromatic rings into their azaannulene framework were synthesized, and the anion-selectivity of the [14] tetraazaannulene nickel complexes 1 -4 was evaluated by potentiometric measurements with solvent polymeric membrane electrodes. All of the [14] Tetraazaannulene nickel complexes, except 3, were found to exhibit high selectivity for the I -ion over the SCN -ion, although considerable interference of the ClO4 -ion was observed in all 1 -4 complexes. Concerning the anion-selectivities of 1 and 4, the incorporation of naphthalene rings into the azaannulene framework decreased not only the interference of the ClO4 -ion but also the I -ion-selectivity over the SCN -ion. Comparison studies between the dibenzotetraaza [14] annulene nickel complexes 1 -3 indicated that differences in the attached substituents of the [14] tetraazaannulene nickel complexes greatly influenced the ion-selectivity as ionophores. According to our computational results, the ionophoric properties of [14] tetraazaannulene nickel complexes 1 -4 were influenced by their electrostatic properties rather than their topological properties.
Keywords [14] Tetraazaannulene, nickel complex, anion-selectivity, substituent effect, ion-selective electrode, DFT calculation, topological property, electrostatic property [14]Tetraazaannulene (1,8-dihydro- [1, 4, 8, 11] tetraazacyclotetradeca-2,4,6,9,11,13-hexaene) is a 14-membered azaannulene containing four nitrogen atoms, which is an analog of the cyclam. [14] Tetraazaannulene derivatives have more rigid molecular structures than cyclam analogs due to the C=N and C=C bonds in the azaannulene framework. Hence, [14] tetraazaannulene complexes are expected to be good candidates for ionophores of anion-selective ISEs. In fact, ISEs based on Ni(II) and Zn(II) complexes of [14] tetraazaannulenes have been reported as I -, SCN -, and ClO4 --selective electrodes. [28] [29] [30] These facts encouraged us to investigate the anion-selectivities of other [14] tetraazaannulene nickel complexes as ISE ionophores. In this study, we have focused on the design of [14] tetraazaannulene nickel complexes with two aromatic rings incorporated into the azaannulene framework for anion sensing. To investigate the topological and electrostatic influences of the introduced substituents on anion-selectivity, four [14] tetraazaannulene Ni(II) complexes were synthesized. Three compounds were nickel(II) complexes of [14] tetraazaannulenes incorporating benzene rings into the azaannulene framework (1 -3), resulting in dibenzo[b,i][14]tetraazaannulene derivatives; one was nickel(II) complexes of [14] tetraazaannulene incorporating naphthalene rings (4), resulting in the dinaphtho[b,i] [14] tetraazaannulene derivative. The anion selectivities of these [14] tetraazaannulene nickel complexes were evaluated by potentiometry with the ISEs. The topological and electrostatic properties of these [14] tetraazaannulene nickel complexes were investigated by DFT calculations at the B3LYP/6-31+G* level.
Experimental

Reagents and chemicals
All reagents were commercially available in the highest grade and used for the syntheses of [14] tetraazaannulene nickel complexes as such unless otherwise specified. Methyl alcohol and ethyl alcohol were dried over molecular sieve 4 Å. All reactions were carried out under dry nitrogen. Tetrahydrofuran (THF) was dried over sodium and distilled for the preparation of potentiometric polymeric membranes. High-molecular-weight PVC was twice purified in MeOH. Aqueous solutions were prepared with double quartz-distilled water and salts of the highest purity available.
Apparatus
The 1 H and 13 C NMR spectra were recorded at 300 and 75 MHz, respectively. Samples for NMR spectra were examined in CDCl3 and CD2Cl2 solutions at 25.0 C on a Varian 300 MHz NMR spectrometer (XL-300). Chemical shifts are given in δ (ppm) relative to deuterated solvents ( 13 C NMR) or to TMS ( 1 H NMR) as an internal standard. IR spectra were run in KBr disks on a Shimadzu FTIR-8600 spectrometer. High-resolution mass (HRMS) spectra (positive mode of FAB mass) were recorded on a JEOL JMS-DX-303.
Syntheses
[14]Tetraazaannulene nickel(II) complexes were prepared by the standard method [31] [32] [33] : the reaction of an aromatic 1,2-diamine and a β-diketone was performed in the presence of Ni(II).
To 50 mL of dry methanol was added Ni(CH3COO)2 tetrahydrate (4.9 g), acetylacetone (4.0 g) and o-phenylenediamine (4.3 g). The reaction mixture was refluxed under nitrogen for 2 h. After cooling in an ice bath, the filtrate was removed and the formed greenish-black solid was washed thoroughly with cold methanol. Further purification was performed by silica gel column chromatography with CH2Cl2, resulting in 5,7,12,14-tet ramethyldibenzo [ 
Preparation of ion-selective electrode membranes
The composition of the potentiometric liquid membranes used was 2.5 mg (2.0 wt%) of [14] tetraazaannulene, 37.3 mg of poly(vinyl chloride), and 87.4 mg of o-nitrophenyl octyl ether (o-NPOE) as a plasticizer. No additional salt was employed for the potentiometric anion-sensing membranes to investigate the original anion selectivity of [14] tetraazaannulene nickel complexes 1 -4. The components were put into a 5 mL sample glass tube and dissolved in ca. 3 mL of THF entirely. A potentiometric polymeric membrane was obtained by evaporating of THF.
EMF measurements and evaluations
Potentiometric liquid membranes were formed on the tip of the ISE body assembly with an electrode kit (DKK Co., Ltd., Tokyo, Japan) by a casting method. The obtained polymer membrane-based ISE was then conditioned in an aqueous 0.01 M KCl solution overnight. EMF measurements were performed on cells of type Ag-AgCl | 3.3 M KCl || 0.1 M CH3COOLi | sample solution || membrane || 0.01 M KCl | AgClAg using a pH/mV meter equipped with a double junction type Ag-AgCl reference electrode. The activity coefficients were calculated according to the Davies equation. 34 All test solutions were made from potassium salts without any pH-adjusting buffer reagent. The selectivity coefficients, Kij pot , where i is the primary ion (I -) and j is the interfering ion, were determined by the fixed interference method (FIM). 2 
Computational studies
All of the computational calculations were performed using the program Spartan'14 for Windows (Version 1.1.2). 35 As preliminary experiments, optimized geometries of metal-fee [14] tetraazaannulenes were investigated by PM3 semi-empirical calculations 36, 37 from the start conformation optimized with MMFF program. DFT calculations of [14] tetraazaannulene nickel complexes were carried out with B3LYP functional in combination with 6-31G* basis sets.
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Results and Discussion
The aim of this study is to investigate the substituent effect of [14] tetraazaannulene nickel complexes 1 -4 on the anionselectivities. To evaluate their anion selectivities of [14] tetraazaannulene nickel complexes 1 -4 as ionophores of ISEs, a series of [14] tetraazaannulene nickel complexes bearing methyl and phenyl groups as well as benzene and naphthalene rings was prepared, as illustrated in Fig. 1 .
Electrode performance
The synthesized [14] tetraazaannulene nickel complexes 1 -4 were applied as ionophores for polymer membrane-based ISEs. The contents employed as ionophores was 2.0 wt% each, and 2-nitrophenol (o-NPOE) was used as the membrane solvent. Preliminary experiments by the single solution method (SSM) 2 showed that ISEs incorporating [14] tetraazaannulene nickel complexes 1, 2 and 4 but not 3 responded more strongly to the I -ion than to other anions, although ISEs by applying the 0.1 M H3PO4 buffered solution have showed the selectivity for the ClO4 -ion. 28 The I -ion was, therefore, chosen as the primary ion for calculations of the selectivity coefficients. ISEs incorporating [14] tetraazaannulene nickel complexes 1 -4 were conditioned in KCl solutions and EMF measurements were carried out in increasing KI concentrations. As shown in Fig. 2 [14] tetraazaannulene nickel complexes for the I -ion: , using 1; , using 2; , using 3; , using 4.
Ion-selectivity
The selectivity coefficients of the ISEs based on [14] tetraazaannulene nickel complexes 1 -4 against a series of anions were evaluated using the fixed interference method (FIM). 2 The selectivity coefficients against ClO4
-, Cl -and AcO -ions were examined using aqueous potassium salt solutions. No selectivity coefficients against HPO4 2-, H2PO4 -and SO4 2-ions were measured, since no interference of these ions was observed in experiments with the single solution method (SSM). Figure 3 compares the selectivity coefficients of ISEs based on [14] tetraazaannulene nickel complexes 1 -4 with different substituents.
The ISE based on [14] tetraazaannulene nickel complexes 1, 2 and 4 recognized the I -ion as the primary ion reasonably well, except for the ClO4 -ion, even when some other anion was present. The selectivity coefficient (log k pot I,X) values of the [14] tetraazaannulene nickel complexes 1, 2 and 4 lie in the range of -0.13 to -5.34 for the anions except the ClO4 -ion. Moreover, this indicates that, against the ClO4 -and SCN -ions, the selectivity was highest for the I -ion of the ISEs based on 2. The ISE based on 1 also showed good I -ion-selectivity against the examined anions, except for the ClO4 -ion. However, the selectivity for the I -ion of the ISEs based on 3 was inferior to that for the SCN -ion.
[14]Tetraazaannulene nickel complexes 1, 2 and 3 incorporate two benzene rings into their azaannulene framework at the same positions. In contrast to complex 1, [14] tetraazaannulene nickel complexes 2 and 3 have two attached phenyl groups, which are attached at different positions of the azaannulene framework. The difference in the attached positions of the introduced substituents significantly influenced the ion selectivity of the [14] tetraazaannulene nickel complexes. On the other hand, complex 4 incorporates two naphthalene rings into its azaannulene framework, although 1 and 4 have four methyl groups attached at the same positions of their azaannulene framework. The selectivity for the I -ion against the SCN -ion of the ISEs based on 4 was inferior to that of the ISEs based on 1. The difference in the incorporated aromatic rings also influenced the ion-selectivity of the complexes. From potentiometric investigations, it was confirmed that both the incorporated and attached substituents influenced the ionophoric properties of [14] tetraazaannulene nickel complexes 1 -4.
Computational studies
In order to understand the topological and electrostatic properties, DFT calculations of the [14] tetraazaannulene nickel complexes were carried out with the B3LYP functional in combination with 6-31G* basis sets. 38 As preliminary experiments, optimized conformations of metal-free [14] tetraazaannulenes were investigated by PM3 semi-empirical calculations 36, 37 first optimized with the MMFF program. The calculations yielded saddle-shaped structures of metal-free [14] tetraazaannulenes with the PM3 semi-empirical method. Likewise, DFT calculations demonstrated that all [14] tetraazaannulene nickel complexes 1 -4 have saddle-shaped structures. The obtained DFT-optimized structures of [14] tetraazaannulene nickel complexes 1 -4 are illustrated together with their dipole moments in Fig. 4 , and correspond well with their reported X-ray structures. [41] [42] [43] Regardless of the kind of incorporated or attached substituent, the optimized structures of [14] tetraazaannulene nickel complexes 1 -4 strongly resembled each other. It is known that dibenzotetraaza [14] annulene nickel complexes without any substituents on the azaannulene framework have planar structures. 44 On the other hand, dibenzotetraaza [14] annulene nickel complexes with substituents on the C atom adjacent to the N atom of the azaannulene framework have saddle-shaped structures due to their steric interactions with the ortho aromatic hydrogens of the two benzene rings. 31, 45, 46 Hence, the obtained computational results seem to be reasonable. As can be seen from the obtained structures, the steric difference caused by the introduced substituents was little observed between the [14] tetraazaannulene nickel complexes 1 -4. One of the reasons will be that aromatic rings and phenyl groups are flat and do not create a valid steric hindrance.
Lowest unoccupied molecular orbital (LUMO) analysis shows which regions of a molecule are most electron deficient. Hence, the shape of the LUMOs in the [14] tetraazaannulene nickel complexes can anticipate interactions with the negative I -ion. 47 We have plotted the isosurfaces of LUMO wave functions (isosurfaces at 0.032 au) and the molecular electrostatic potential (ESP) (isosurfaces at 0.002 au) for [14] tetraazaannulene nickel complexes 1 -4 in Figs. 5 and S1 (Supporting Information). The isofurfaces of the LUMOs and ESPs for complexes 1 -4 were found to strongly resemble each other, although different patterns between their isosurfaces were caused by the substituent effect. The calculated total energies (in a.u.), HOMO and LUMO energies (in eV) and molecular dipole moments (in debye) of the [14] tetraazaannulene nickel complexes at the B3LYP/6-31+G* level are summarized in Table 1 . The evident difference in the HOMO-LUMO gap energies and molecular dipole moments between complexes 1 -4 was confirmed from the data of Table 1 . According to these computational results, the difference in the anion selectivities between the ISEs based on [14] tetraazaannulene nickel complexes 1 -4 may be produced from electrostatic properties rather than topological properties, caused by the introduced substituents.
Moreover, DFT calculations for the formation of the complex between [14] tetraazaannulene nickel complexe 1 and the I -ion were carried out with the B3LYP functional in combination with 6-31G* basis sets. DFT calculations suggested that the complex of derivative 1 with the downside I -ion (-2590.33052 au) will be more stable than that with the upside I -ion (-2590.32460 au) (Fig. 6) . Further, the (EHOMO-ELUMO) gap 48 of the downside complex between derivative 1 and the I -ion (-1.43 eV) was more negative than that of the upside complex between derivative 1 and the I -ion (-1.37 eV). Therefore, the preferable orientation of the I -ion for the interaction is assumed to be the downside of the saddle-shaped structure of the [14] tetraazaannulene nickel complexes 1 -4. Compared with this result, the [14] tetraazaannulene iron and cobalt complexes have formed the upside complexes with the Cl -ions. 49 
Conclusions
This is the first report concerning investigations on the influence of introduced substituents on the anion-selectivity of [14] tetraazaannulene nickel complexes by potentiometry and DFT calculations. Nickel(II) complexes 1 -4 of [14] tetraazaannulene derivatives incorporating benzene and naphthalene rings into their azaannulene framework and attached methyl and phenyl groups on the framework were prepared. The anion-selectivity of these [14] tetraazaannulene nickel complexes 1 -4 was evaluated by potentiometric measurements with solvent polymeric membrane electrodes. The ISEs based on complexes 1 -4 displayed non-Hofmeister selectivity patterns: [14] tetraazaannulene nickel complexes 1, 2 and 4 but not 3 were found to exhibit high selectivity for the I -ion over the SCN -ion, although considerable interference of the ClO4 -ion was observed in all [14] tetraazaannulene nickel complexes 1 -4. The potentiometric experimental results indicated that the difference in the introduced substituents of the nickel complexes greatly influenced the ion-selectivity as ionophores. DFT calculations demonstrated that all [14] tetraazaannulene nickel complexes 1 -4 have saddle-shaped structures and strongly resemble each other. Moreover, DFT calculations exhibited the difference in the HOMO-LUMO gap energies and molecular dipole moments between complexes 1 -4, although the I -ion showed preference for the underside of saddle-shaped structures for all interactions. According to these experimental results, the difference in the anion-selectivities between the ISEs based on [14] tetraazaannulene nickel complexes 1 -4 may be due to their electrostatic properties rather than their topological properties, caused by the introduced substituents.
